A hybrid electric propulsion system with two or more energy sources has many advantages over conventional internal combustion (IC) engine power trains. The most recognized advantages are its low pollution, low noise, and reduced heat release. The application of hybrid electric propulsion for highway vehicles has successfully improved energy efficiency and reduced pollution. In the military, hybrid electric unmanned aerial vehicles (UAVs) can be used effectively because they possess the capability for long flight time, better efficiency and stealth operation. According to DOD's roadmap, conventional UAVs have made 500,000 flight hours in support of military missions as of October 2008. And the flight hours and functions of UAVs are expected to increase because their application may be expanded from military to civil service (such as for monitoring and detecting disaster, hazard, and environment conditions, and reserving backup power for emergency). Four hybrid propulsion models are considered in the paper, namely secondary shaft dualclutch, secondary shaft single-clutch, inline and planetary gear models. Among these four models, three prototypes for secondary shaft and inline configurations are built and presented.
I. Introduction
HE shortage of fossil fuels and increased toxic emissions threaten the sustainability of engine-powered aircraft propulsion systems. Soaring fuel costs have a negative impact on the airline industry and also result in an increasing military budget. Of all possible remedies, hybrid electric propulsion systems are generally considered.
It is known that hybrid electric propulsion systems possess many advantages over engine-alone systems. With the successful implementation of hybrid electric drive trains to highway vehicles, more and more researchers are applying hybrid concepts to other machinery; typical examples are aerial vehicles and ships. In recent years, the development of hybrid electric UAVs has become one of the main tasks of the military in order to improve vehicles' flight time, energy efficiency and stealth operation. Hybrid UAVs are not only considered for military application, they are also considered for civil service (for monitoring disaster and environment conditions, and serving as backup power in case of engine failure).
Hybrid electric propulsion systems can be beneficial to the Air Force's growing fleet of UAVs, many of which are small propeller-driven vehicles with similar flight characteristics to model planes. The benefits of a hybrid system include quiet operation, reduced heat signature, battery recharging during flight, allowing downsized ICE for cruise mode, having a back-up power source, reverse motor ICE starting, and in-air ICE restart. Thus, it is feasible that these UAVs could be easily adapted to hybrid configurations. This transition not only has the potential to increase flight hours and reduce fuel consumption but also has the potential to enable the vehicle to conduct sensitive surveillance operations in a stealth "electric-alone" mode, which provides significant noise and heat signature reductions over IC engine configurations. The development of hybrid electric-engine propulsion systems can be traced back to the 1980s. Since then many hybrid configurations were rapidly evolved, mainly for ground vehicles. The application of hybrid electric concepts to marine vehicles was reported by Barcaro, Bianchi and Bolognani and Sortland in 2008.
II. Review of Hybrid Electric Propulsion Drive Trains
The hybrid electric drive train can be classified into five categories: series hybrid, parallel hybrid, series-parallel hybrid, complex hybrid (Chan and Chau, 2001 ; Ehsani, Gao and Emadi, 2010), and fuel cell hybrid. The details of these configurations are described below.
Series Hybrid:
The series hybrid drive train is an "electrical coupling" system. The configuration includes a battery pack and an engine-generator assembly that are coupled in a power converter, see Figure 1 . The power converter is an electric coupler which is used with a controller to manage the power flow from the battery and generator to the motor. The engine-generator is the primary power source and the battery acts as an energy buffer. The system can run individual mode (engine-alone or battery-alone) or dual mode (engine + battery) via the electric coupler depending on the need and operation condition.
Parallel Hybrid: The parallel hybrid drive train is a "mechanical coupling" system. The configuration has its engine and motor connected by a mechanical coupler (such as an electric clutch). As shown in Figure 2 , the engine is the major power source and its battery is a secondary power source and acts as an energy buffer. Similar to a series hybrid, the system can run single mode (enginealone or motor-alone) or dual mode (engine + motor) via the mechanical coupler. 
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Series-Parallel Hybrid: The series-parallel hybrid drive train consists of both electric and mechanical couplers (see Figure 3) . The system includes the features of both series and parallel configurations, and therefore can operate with single mode or dual mode, or more modes than the above series or parallel drive train.
Complex Hybrid: The complex hybrid drive train also consists of both electrical and mechanical couplers similar to series-parallel system but with an additional power converter added to it. Its electric coupling function is moved from the first power converter to the battery pack, as shown in Figure 4 . The system has the features of both series and parallel configurations, and therefore can operate with individual mode or dual modes, or more modes than an individual series or parallel drive train.
Fuel Cell Hybrid:
The configuration of fuel cell hybrid electric propulsion is a series system similar to the one described in Figure 1 . The power lines are electrically coupled. When applying to UAVs, the system can be simplified as shown in Figure 5 . The successful flight of the fuel cell hybrid model conducted by NCKU on May 13, 2010 proved that this fuel cell hybrid drive train could be effectively implemented in modern UAVs.
III. Power Units For Hybrid Electric Propulsion Systems
IC Engines: There are many types of IC engines (see Figure 6 ); the best known types are the 4-stroke spark-ignited engine, the 4-stroke compression-ignited diesel engine, the 2-stroke engine, the Wankel rotary engine, the gas turbine engine, and the quasi-isothermal Brayton cycle engine. The Stirling engine is another type of engine that uses external combustion. A combustion engine converts chemical energy into mechanical power. However, the energy conversion process encounters high friction, low mechanical advantage, high heat loss, and serious pollution. The energy efficiency of an engine is normally lower than 35% depending on its operating condition. Batteries: There are a number of rechargeable batteries and the most commonly used types are lead acid, nickelcadmium (NiCd), nickel-zinc (NiZn), nickel metal hydride (NiMH) and lithium cells. The cell voltage and specific energy of these batteries are listed in Table 1 . From Table 1 , the lithium battery has the highest specific energy. For safety considerations, two types of lithiumbased battery, LiPO and LiFePO4, were considered.
Electric Coupler
Motors: For power supplies, motors can be categorized into two groups: DC motors and AC motors (see Figure 7) . The most-often considered AC motors for hybrid propulsion are induction motors and switched reluctance motors. Because of control simplicity and technological maturity, DC motors are widely accepted for applications requiring variable speed, frequent start/stop, reversing and braking. There are two main groups of DC motors: commutator (brushed) and commutatorless (brushless). Commutator motors include separately excited, shunt excited, series excited, compound excited, and permanent magnet (PM) motors. phase floats (inactive, point "b") for a given rotor position. Each phase of the BLDC motor may be described as an electrical-mechanical model as shown in Figure 9 . The equations describing the motor dynamics are
The motor efficiency is defined by the following equation:
In this equation, P i is the 3-phase power in kW, P h is the rated horse power, L % is the output power as % rated power, and K is the efficiency correction factor.
Define e = K e  r (see Figure 10 ), Eq. (1) becomes (4) The Laplace transform of the steady state solution of Eq. (3) is (5) Letting s = j results in V = (R + jL) I + E, where E = jE = j m is the EMF voltage,  = 2f is the angular frequency of sinusoidal input in radian/sec, and is the flux linkage of the stator winding per phase induced by the permanent magnet. When E and I are in phase, the motor mechanical power output, i.e. the electromagnetic output power (without friction, wind and iron losses) is P em = m |E| |I| = m m I; here m is the number of phases. From the relationship P=T, the electromagnetic torque can be written as (6) Define p as the number of poles, and  r = 2/p is the rotor speed. The current (or electromagnetic torque) and induced EMF voltage become (or ) and
Define the shaft output load as T load = T em -T loss , where T loss is the total torque loss due to friction, iron hysteresis, and windage. The voltage equation (for L<<R, and V, E and I in phase) can be simplified to
Substituting Eq. (7) into Eq. (8) results in
For a constant voltage supply, Eq. (9) is equivalent to a linear function (y = a -bx), and the corresponding torquespeed (T em ~  r ) curve is plotted in Figure 11 .
The above analysis is based on a simplified model. For better representing the 3-phase motor dynamics, a more complicated model is needed and will be presented in the near future.
For the parallel hybrid electric configuration, the control scheme shown in Figures 12 and 13 is recommended. 
IV. Propulsion Analysis For Small Aerial Vehicles
As shown in Figure 14 , there are four major forces (thrust, lift, drag and weight) and one moment acting on the airplane without considering the forces generated by control mechanisms (Anderson, 2008) . The thrust F is produced by the propeller or jet engine; the lift L is produced by the air when it passes over airfoil wings; the drag D is an aerodynamic resistance; and the moment M is created by the coupling effect of aerodynamic downward and lift forces (due to surface pressure and shear stress distributions on wings).
The lift (L) and drag (D) can be expressed as follows:
and (10) Where the symbols are defined as follows: S = wing area,
and  = Air density. The thrust equals the total drag which is the sum of zero-lift drag and lift-induced drag: Figure 15 . Similar to the thrust equation, the power can also be divided into two terms (namely zero-lift power and lift-induced power): (12) Using the same parameters, the power-velocity curve is plotted in Figure 16 . The liftoff distance can be expressed by (13) Where, V LO is the liftoff velocity. To ensure a margin of safety during takeoff, the liftoff velocity is typically 20% higher than the stalling velocity. That means (14) Substituting Eq. (14) into Eq. (13), the liftoff distance becomes (15) For estimation purposes, it is assumed that the average force occurs at V=0.7V LO . For the same UAV, the relation between the liftoff distance and thrust is shown in Figure 17 . 
V. Prototypes Of Parallel Hybrid Electric Propulsion Systems
The major difference of hybrid electric propulsion systems between highway and aerial vehicles is that highway vehicles are required to operate in a stop-go mode, especially when driving in the city, but this is not the case for aerial vehicles. The operation of aerial vehicles normally maintains the velocity in a nearly constant range except during takeoff and landing. Among the five hybrid configurations described in the previous section, the parallel hybrid configuration (Figure 2 ) is adopted. In order to reduce the weight (to maximize payload), a sensorless BLDC motor and a LiPO battery pack are used. As for the engine, a four-stroke model is used.
To show the feasibility of different configurations, four parallel hybrid models were designed, namely secondary shaft dual-clutch, secondary shaft single-clutch, inline, and planetary gear models (see Figure 18 ). Among these four configurations, three prototypes (secondary shaft dual-clutch, secondary shaft single-clutch, and inline) were built (see Figure 19 ). After adding control components and wiring, a test model was constructed. Figure 20 shows the wired system based on the secondary shaft single-clutch configuration and Figure 21 shows the wiring for the remotely controlled system. The wired test model is used to measure the rpm and thrust of the propeller. 
VI. Summary And Recommendation
Due to time and budget restriction, only three prototypes were built. At this moment, test and evaluation of the prototypes is still in a preliminary stage. Future work will include the following items: 1) Improve both secondary shaft and inline prototypes through additional testing and evaluation 2) Build a prototype of the planetary gear configuration for comparison 3) Develop a central self-tuning controller for operating the hybrid propulsion system and integrate with the flight control 4) Install each prototype in a small aerial vehicle and conduct both lab and flight tests to optimize the designs (maximum energy efficiency, minimum weight/size, increased payload, reduced noise/vibration, etc.) 5) Design full-scale hybrid electric propulsion models and install them in UAVs for further field testing and evaluation 6) Improve the power storage capacity and life cycle of battery and fuel cells 7) Optimize the size and weight of the hybrid electric propulsion systems including downsizing the ICE for cruise mode
VII. Conclusions And Further Research
This paper presents power control strategies for the propulsion of a UAV which is driven by a motor/battery and ICE hybrid system. The UAV propulsion system has different power requirements in order to complete its mission successfully. The different power stages in UAVs introduce taxiing, take off, cruising and landing. In this paper the historical evolution of hybrid technology for UAVs and the challenges of implementing a hybrid propulsion arrangement on future designs were discussed, and the following key features were revealed through this study. We have reviewed the hybrid electric propulsion drive train along with its power units. In this paper we have concentrated on the hardware aspect and making sure integration is part of the hybrid propulsion. Total UAV's propulsive power and weight are the two dominant factors most likely to impact a future UAV employing hybrid propulsion technology. A UAV's range and endurance, particularly for vehicles powered by electric propulsion, will be a major issue. Current state of the art motor and battery technology limits electric-powered hobbyist helicopters to less than a half-hour of flight at best. Further, there is little empirical information/insight into the design of very small UAVs. 
